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SYMBOLS 

A reference area (model base area) 

drag coefficient cD 

lift-curve slope 

rolling-moment coefficient 
cLa 

Cm pitching-moment coefficient 

pitching-moment-curve slope 

quasi-linear pitching-moment-curve slope 

cma 

a1 
Cm 

Cm4 + Cmb damping-in-pitch derivative, ___ acm + ____ acm 

d model base diameter 
a@) a($) 

moment of inertia about a transverse axis through the center of gravity 'Y 

moment of inertia about the roll axis Ix 

1 model length 

M Mach number 

m model mass 

m total mass-loss rate 

m 
P VA 

ablation parameter (steady state) 

roll rate about model axis of symmetry P 

4 angular pitching velocity 

Re Reynolds number basedaon free-stream conditions and model base diameter 

model base radius 

model nose radius 

'b 

'n 

iii 



T 

t 

V 

x 

- o d  
V 

free-stream temperature 

time 

free-stream velocity 

axial distance from model nose to center of gravity 

distance flown 

horizontal range coordinate perpendicular to x and z axes 

vertical range coordinate perpendicular to x and y axes 

angle of attack (in the vertical plane) 

angle of sideslip (in the horizontal plane) 

cone half-angle 

wavelength of pitching oscillation 

viscosity 

dynamic stability parameter 

free-stream air density 

resultant angle of attack, tan? (tan2a + tan2P)’ 

average maximum resultant angle of attack 

average minimum resultant angle of attack 

root-mean-square resultant angle of attack, 
X 

rate of rotation of vectors that describe the model oscillatory motion in equation (3) 

reduced frequency parameter 

first derivative with respect to time 
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SUMMARY 

The influence of ablation on the aerodynamic characteristics of a blunted slender cone was 
investigated. Plastic models were launched in free flight at ablating conditions. The results were 
compared with results of similar tests using metal nonablating models. Ablation was found to 
decrease the dynamic stability and the drag, but had little effect on static stability and lift. The 
plastic models appeared to experience ablationinduced roll. 

INTRODUCTION 

In the past, a number of investigations have been conducted to determine the influence of 
ablation on the aerodynamic characteristics of slender cones (ref. 1). These investigations were 
motivated by unexplained flight results of full-scale entry vehicles. The present investigation evolved 
as a result of flights during which the vehicles exhibited dynamic instabilities during a portion of the 
entry. It was suspected that ablation from the surface of the vehicle interacted with the boundary 
layer, thereby altering the aerodynamic characteristics which resulted in the observed instabilities. 

The feasibility of utilizing a ballistic range to investigate the effect of ablation is discussed in 
reference 1. The present investigation was undertaken in an attempt to contribute to the under- 
standing of the effects of ablation on the aerodynamics of slender bodies. 

MODEL AND SABOTS 

Figure 1 is a sketch of the configuration used in the present investigation. The models 
were 6" half-angle cones with a bluntness rn/rb = 0.31. The bases were hollowed to obtain the 
desired center-of-gravity position. The models for the ablation tests were made of delrin, those for 
the nonablation tests, of bimetallic construction. The nose, rearward to the tangent point, was 
tantalum press-fitted into the aluminum afterbody. 

The models were encapsulated by the sabot except for the spherical nose. A completely 
encapsulated model would not launch successfully. It was suspected that the sabot fingers hung up 
on the model nose and upset it during separation. 



TEST CONDITIONS 

The test conditions necessary for ablation were analyzed using the method for a pointed cone 
described in reference 1 and discussed further in reference 2. To apply this method to the blunted 
cone of this study, it was necessary to consider the differences in surface heat transfer between 
pointed and blunted cones. These differences were accounted for utilizing the data presented in 
reference 3. From the results presented there, it was determined that for a cone, blunted the 
amount of the present one, the heat transfer over the body averaged about 85 percent of that for a 
pointed cone. 

In reference 2, lexan, teflon, and delrin were found to be the most suitable commercially 
available plastics for ablation studies in ballistic ranges. Calculations made for the present tests 
indicate that delrin was the best suited because it achieved a given ablation rate at the lowest 
velocity. The ablation rate at the model base was 80 percent of the steady-state value; for steady 
state, r;Z/pVil = 0.01. 

The models were launched from a deformable-piston light-gas gun with a bore diameter of 
2.5 mm. Shadowgraphs were taken in orthogonal planes at 16 observation stations for a ballistic flight 
of 23 m. The ambient pressure was 76 mm Hg, and the Reynolds number was nominally 300,000 
based on free-stream conditions and model base diameter. 

DATA REDUCTION 

The data-reduction techniques used to obtain the aerodynamic coefficients of drag, lift, and 
static and dynamic stability from free-flight data are presented in reference 4. In this section, only 
the basic equations and a brief description of the techniques used will be presented. 

Drag 

Drag coefficients were obtained from the flight time and distance measurements by the 
method presented in reference 4, which assumes a constant drag coefficient. The equation relating 
time and distance is written: 

kCdC 
t=to- -  +- (1) 1 e 

VokCD V&CD 

where Yo and to are velocity and time at x = 0 and k = pA/2rn. The parameters CD, Vo,  
and to are determined to give the “best fit” in the least squares sense to the measured values of X 
and t. A method applicable to cases in which the drag coefficient varies with angle of attack is 
presented in reference 5. The drag coefficient was shown to vary with the resultant angle of attack 
according to the relation: 
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The effective drag coefficient obtained from equation (1) is the drag coefficient that would be 
obtained at a constant angle of attack equal to the root-meansquare resultant angle of attack of a 
given flight. The present results were found to be represented adequately by equation (2), as will be 
shown. 

Static and Dynamic Stability Derivatives 

The stability derivatives were determined from analysis of the pitching and yawing motions 
experienced by the models during free flight. The analysis consisted in fitting the following tricyclic 
equation, derived by Nicolaides (ref. 6) ,  to the measurements of a and 0 of each flight: 

where q1 ,2 and o1 ,2 are functions of the aerodynamic stability coefficients and K1 ,2.,3 are 
functions of the initial conditions. The most important assumptions inherent in this equation are 
linear aerodynamics, small angles of attack, constant roll rate, and small asymmetries. In the present 
analysis, the Magnus moment was assumed to be zero. A least-squares procedure using differential 
corrections was used to determine optimum values of the constants. 

The static and dynamic stability parameters are related to the constants in equation (3) as 
follows. The wavelength of the oscillation is given by 

x = 2n/(o, O2)l’2 (4) 

- 
The pitching-moment-curve slope, Cm , is computed from 

a 

= - 8 ~ ’  Iy/A2 pAd cma 

The dynamic stability parameter, f, defined as 

is determined from the constants q1 and q2 by means of 



t has been shown (refs. 7 and 8) that is a measure of the dynamic stability of a vehicle both in 
unpowered flight at constant altitude and in ballistic entry. 

Although the assumption of linear aerodynamics is inherent in equation ( 3 ) ,  this does not 
prevent its use for bodies with nonlinear static stability coefficients. Each individual flight is 
redu’ced as if the governing pitching moment were linear with angle of attack. The resulting wave- 
length of oscillation represents a quasi-linear value for the pitching-moment-curve slope or static 
stability. Quasi-linear values for static stability from several flights at various angle-of-attack ampli- 
tudes can be used to obtain the nonlinear pitching-moment coefficient as a function of angle of 
attack. The method is derived in reference 9 and illustrated in some detail in reference 10. This 
method uses values for Cm , 5,, and 5min to produce an expression in C, versus u. Its 

(3 
validity depends on the assumption that interactions between static and dynamic terms are neglig- 
bly small. 

Lift 

The lift-curve slope, CL , was obtained for each flight by analyzing the swerving motion of 
the model, in conjunction with the oscillatory motion of the model given by equation ( 3 ) .  A 
modified form of Nicolaides’ equation is fitted by the method of least squares to the measured 
displacement data y and z :  

a 

-ipx 

+ + izb)x + (yo + izo) 

The constants Cvo and C, 
fully machined body of revolution, they will be negligibly small. 

are necessary to account for small model asymmetries. For a care- 
0 

The nonlinear lift coefficient can be derived as a function of angle of attack by using an 
approximate method similar to that described for the pitching moment with CL substituted 
for C, . a 

&l 

RESULTS AND DISCUSSION 

The model characteristics and test conditions are given in table 1 along with the data reduced 
from the tests. 
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Model Motions 

Typical model motions are presented in figure 2, where the angle of attack, CY, is plotted versus 
the angle of sideslip, 0. The circles are the measured data points, and the machine fit of the 
equation of motion (eq. (3)) to the data points is shown. A typical nonablating model motion 
(fig. 2(a)) is seen to be regular (i.e., the character of each cycle is repeated) and to have experienced 
little roll. A typical motion of an ablating model is shown in figure 2(b). Its motion also is regular, as 
were the other ablating models in these tests, in contrast to the results reported in reference 2. The 
ablating models as a group experienced more roll than the nonablating models (see table 1). It is felt 
that this must be a result of ablation. The influence of ablation on roll is reported in reference I. 1. 
However, the induced roll (ref. 11) was thought to result from the cross-hatching, which occurs 
only under turbulent boundary layers. In the present tests, the boundary-layer flow is laminar as 
shown by the shadowgraphs in figure 3. The laminar flow over the model is inferred by the 
extensive laminar wake. Therefore, the induced roll in the present ablation tests must have resulted 
from some other source, such as local surface distortion caused by asymmetric ablation. 

Drag 

The drag coefficient, Co, is presented as a function of the mean-square resultant angle of 
attack in figure 4. Least-square lines through the ablation and no-ablation data correlate the data, 
consistent with equation (2), as previously mentioned. From a comparison of the data, the results 
of the ablation tests indicate a slight but consistent decrease in Co throughout the angle-of-attack 
range. Similar results are reported in reference 2. Calculated components of the drag coefficient for 
zero angle of attack are also shown in figure 4. The wave drag was determined by a method 
developed at Ames Research Center by John V. Rakich. Estimates of the remaining components 
(skin friction, base drag, viscous interaction) were made, assuming both no ablation and steady- 
state ablation. The required heat-transfer and skin-friction calculations depended heavily on 
the boundary-layer program described in reference 12 modified to include blowing at the wall. 
These calculated values are in good agreement with those obtained by extrapolation of the experi- 
mental data to (T = 0". The differences in Co between the nonablating and ablating models are 
largely a result of the reduction in skin friction due to ablation. Therefore, it was felt that near 
steady-state ablation did, in fact, occur on the plastic models in the present investigation. The drag 
coefficient versus resultant angle of attack obtained from the least-square fit of the drag data (fig. 4) 
is shown in figure 5. 

Static Stability 

The static stability results are presented in figure 6, where the quasi-linear static stability 
parameter Cm increases with om through- 

out the am range for both ablation and nonablation. There is little effect of ablation in contrast to 
that found for a pointed cone (ref. 2), where ablation reduced Cm . Extrapolating the data to 
am = 0 shows poor agreement with the Newtonian estimate for C, (indicated by N) while agree- 
ment with the Rakich estimate (indicated by R) appear fairly good. 

js plotted as a function of am. In general, C, 
a€ al 

CY 

CY 
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he values of c, from the tests were used to determine C, as a function of u. The 9 
expression for the ablating case is 

C, = 0.006420 - 0.002880~ + 0.0001 OSn3 

For the nonablating case 

C,  = - 0.003 100 - 0.001 070' + 0 .0000325~~  

(see fig. 7). Within the angle range tested, the nonablating configuration is stable while the ablating 
configuration appears unstable below about 3'. The curve for the ablating configuration indicates 
that a trim point exists near 3" angle of attack. However, none of the motion histories indicate that 
the models flew at trim angles other than 0". The method of constructing the C ,  versus u curve 
is not of sufficient accuracy to allow more than an inference that the slope of the curve 
near u = 0 is markedly reduced in the presence of ablation. 

Lift 

The lift-curve slope, CL given in figure 8 as a function of om, is nonlinear and increases 

with om. There is very little difference between the ablation and nonablation results. The New- 
tonian theory estimate is high while the Rakich estimate compares favorably with an extrapolated 
value. 

Expressions were obtained for CL as a function of u using the previously explained method. 

a' 

For the ablating case: 

CL = -0.00768~ + 0.004520~ - 0.0001 3 2 0 ~  

For the nonablating case, 

CL = 0.008 1 5 ~  + 0.002 1 7 0 ~  - 0.0000520~ 

(see fig. 9). The ablating model appears to have negative lift at angles of attack between 0" and 2" ; 
above 2" , it approaches the nonablation result. As mentioned previously, this method of curve con- 
struction may only allow an inference that the slope of the curve in the vicinity of u = 0 is reduced 
in the presence of ablation. ' 
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Normal Force 

he relationship between normal force and angle of attack (fig. 10) was determuled from the 
measured lift and drag data for CN = CL cos u + Co sin u.There is little difference between the 
ablation and nonablatioq cases. 

Dynamic Stability 

The damping-in-pitch derivative, C, + C,,, is shown as a function of Om in figure 11. 

For the nonablating case, the results indicate that the configuration is stable with the stability, 
increasing with Om/. The value from Newtonian theory is indicated by a tick labeled N and falls in 
line quite well with the experimental results. The effect of ablation is to decrease the dynamic 
stability , and results in a dynamically unstable configuration below about 6". 

4 

These differences in the ablation and nonablation results are unlike those found using a 
pointed cone in reference 2, where the configuration was stable for both cases with no significant 
difference in the level of stability between the two. 

Care must be taken when analyzing dynamic stability data with a quasi-linear data-reduction 
procedure. In reference 13, it was shown that the presence of nonlinear static stability can greatly 
alter the apparent dynamic stability. Hence, while the large decrease in dynamic stability due to 
ablation is real (both nonablating and ablating models have the same nonlinearities in C,), the 
absolute values of C + Cmh and the trends with angle of attack may be misleading. It is 
possible that incorporating a nonlinear moment system (e.g., such as that proposed in ref. 14) in the 
data reduction procedure would eliminate this deficiency. 

mq 

Rolling Moment 

It was stated previously that the roll rate, p ,  experienced by the plastic ablating models was 
greater as a group than that experienced by the metal nonablating models. From these data, a rough 
estimate was made of the metal nonablating models. From these data, a rough estimate was made of 
the ablation-induced rolling moment coefficient, Cl . The absolute values of roll rates were aver- 
aged for the two cases, those from the nonablating tests were assumed to  be gun-induced, and the 
difference between the two cases was considered to be due to ablation. The rolling moment was 
determined from 

0 

Rolling moment = I,p 

The roll acceleration of the model, by was determined assuming that b was constant from the gun 
muzzle and 
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where x is the distance from the gun muzzle to the test section midpoint and V ,  the model velocity. 
With these considerations, the rolling moment coefficient, Cl , was estimated to be 0.003, consider- 
ably greater than the values of 1 Cr4 to 1 Cr5 from tests using 15" and 30" half-angle pointed cones at 
M = 7.4 (ref. 11). 

0 

CONCLUSION 

The results of the investigation show that both ablating and nonablating models experienced 
fully laminar flow and that, within the angle range tested, ablation affected the aerodynamic 
characteristics in the following manner: 

1. The dynamic stability was greatly reduced. An instability may exist at small angles of attack. 
The test data are difficult to interpret because of unassessed assumptions in aerodynamic moment 
formulation. 

2. The drag coefficient was reduced by approximately 6 percent, most of which can be ascribed 
to a reduction in skin friction. 

3. The pitching moment appeared to change only a small amount with ablation; however, the 
ablating models did indicate a reduction in slope of the pitching-moment curve near 0" angle of 
attack. In both cases, the pitching moment was nonlinear with angle of attack. 

4. The ablating models experienced considerable induced roll. The reason for this is unknown. 

5. Lift and normal forces were found to be nonlinear for both the ablation and nonablation 
cases and changed very little with ablation. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, September 8,1972 
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